Buoyant densities of cells from exponentially growing cultures of the fission yeast Schizosaccharomyces pombe 972h-with division rates from 0.14 to 0.5 per h were determined by equilibrium centrifugation in Percoll gradients. Buoyant densities were independent of growth rate, with an average value (± standard error) of 1.0945 (±0.00037) g/ml. When cells from these cultures were separated by size, mean cell volumes were independent of buoyant density, indicating that buoyant densities also were independent of ceUl age during the division cycle. These results support the suggestion that most or all kinds of cells that divide by equatorial fission may have similar, evolutionarily conserved mechanisms for regulation of buoyant density.
Buoyant densities of cells from exponentially growing cultures of the fission yeast Schizosaccharomyces pombe 972h-with division rates from 0.14 to 0.5 per h were determined by equilibrium centrifugation in Percoll gradients. Buoyant densities were independent of growth rate, with an average value (± standard error) of 1.0945 (±0.00037) g/ml. When cells from these cultures were separated by size, mean cell volumes were independent of buoyant density, indicating that buoyant densities also were independent of ceUl age during the division cycle. These results support the suggestion that most or all kinds of cells that divide by equatorial fission may have similar, evolutionarily conserved mechanisms for regulation of buoyant density.
Earlier studies have established that the mean buoyant densities of the bacterium Escherichia coli are virtually constant during the cell cycle (4, 5) . Similarly, no evidence has been found for variability of mean buoyant density with cell age in Chinese hamster ovary (1) or murine suspension cell cultures (6 problem in another manner, which was used earlier (4, 6) . If buoyant density is constant throughout the cell cycle, then the density of every cell is independent of its volume during the cell cycle. Therefore, the cell volume distribution is determined only by the pattern of cell growth and division, which should be the same for every buoyant density class, and so mean cell volumes should be independent of buoyant density. To test this possibility, we formed shallow Percoll gradients so that the visible bands of cells from exponentialphase cultures extended about two-thirds of the depth of the gradient. Six or more samples were removed from each gradient tube for cell size and density determinations. Cell volume distributions. Cell volume distributions were obtained with the Coulter Counter-analyzer system used earlier (2, 4, 5) . The diameter of the sensing aperture was 140 p.m. Cell samples were diluted 100-fold into phosphate-buffered saline containing 3.7% formaldehyde. Average cell volumes were calculated from the size distributions. RESULTS
Mean buoyant density versus growth rate. Figure 1 shows the values observed for mean buoyant densities of exponential-phase cells of S. pombe 972h-as a function of division rate (doublings per hour). The slope of the linear regression (+ standard error) fitted to these data, -0.0084 (±0.0046) g/ml per h, does not differ significantly from zero. That is, within errors, mean buoyant density did not depend upon growth rate. The average value of the cell buoyant density for S. pombe at all growth rates was 1.0945 (±0.00037) g/ml.
Cell buoyant densities increased when cells entered the stationary phase, as may be seen in Fig. 2 , where culture age is shown as a function of the number of cell doublings before and after the culture reaches a growth transition point. The definition of the transition point is based upon the properties of the growth curve. The rapid exponential increase in optical density during the exponential growth phase was followed by a slower exponential increase during the early stationary phase. We defined the transition point (or state) as the age at which the optical density during the exponential growth phase was one-fourth of the value at the intersection of the exponential asymptotes to the curves in both growth phases. While this definition of the transition point is arbitrary, it allows a clear separation of the exponential and stationary growth phases. After very long periods in stationary phase, mean buoyant densities decreased again. This ultimate decrease accounted for the two lowest points observed in Fig. 2 at a cell doublings rate of about 1.
Buoyant density during the cell cycle. When cells were separated by size in Percoll velocity gradients, mean cell volume was essentially independent of buoyant density, as is shown in Fig. 3A for data result was observed for cultures grown in EMM-glucose medium (Fig. 3B) . Furthermore, in two unusual experiments not shown in Fig. 3 , average cell volumes were noticeably larger, by about 10 and 40%; nevertheless, buoyant densities were unchanged. While we do not know the reasons for these cell volume increases, the density constancy that was maintained even for these cells provides further evidence for the stability of control of buoyant density for cells of all sizes and ages. This constancy of buoyant density in cells of different sizes would not be expected if buoyant densities were altered significantly during the different periods of the cell cycle.
DISCUSSION
Our results provide evidence for the invariance of buoyant density in cells in exponentially growing cultures of S. pombe 972h-. Within experimental errors, mean buoyant density was independent of the rate of culture growth (Fig.  1 ) and mean cell volume was independent of buoyant density (Fig. 3) , providing evidence that cell buoyant density is constant during the cell cycle. However, in stationary-phase cultures, mean buoyant density first increased (Fig. 2) before decreasing again as the cultures aged.
Some years ago, in a classic series of experiments, Mitchison (7) measured cell mass and volume increase in individual cells of S. pombe during the growth and division cycle. He observed that both cell volume and dry mass increased over most of the cell cycle. However, these increases were not parallel: volume growth accelerated and then ceased abruptly at about 40 min before cell cleavage, whereas cell dry mass increase remained uniform throughout the cell cycle. His results led to the conclusion that dry mass per unit cell volume decreased until the cell volume reached its maximum value, about 75% through the cell cycle, after which buoyant density increased again. Clearly, our results do not support that interpretation. The large changes in dry mass per unit cell volume that Mitchison observed, approximately 15%, should have led to a cell buoyant density difference of about 5%, in excess of the experimental variability that we observed by several hundredfold.
We believe that the complex method of preparation of cells for microscopic observation in the Mitchison experiments, although required for interferometric measurement of cell mass, perturbed cell growth. First, the concentration of materials in the gel mounting medium was very high, containing, in addition to the Wort broth growth medium, 17.5 g of gelatin per 100 ml and 20% egg albumin. Second, cells were grown overnight at 28°C, inoculated into liquid medium at 32°C, maintained for 20 min, cooled at 18 to 20°C for 10 min, and then placed at 25°C on the warm stage of the microscope. Thus, in these experiments, cells were subjected to shifts in nutrient supply, osmotic pressure, and temperature, and it is therefore unlikely that steady-state growth conditions were maintained during microscope observations. We have initiated studies to examine the effects of these perturbations.
As stated in the introduction, .the rationale for our experiments with S. pombe derived from a broader context. Earlier studies had provided evidence for the constancy of cell buoyant density in E. coli (4, 5) , murine suspension cell cultures (6) , and Chinese hamster ovary cells (1) . Those results suggested that bacterial and mammalian cells, and perhaps others, may have common, evolutionarily conserved mechanisms for regulation of buoyant density. However, buoyant densities of the budding yeast S. cerevisiae are known to vary during the cell cycle (2, 3, 9). Thus, it is possible that buoyant density constancy may be a property only of cells that divide by equatorial fission. Our results for S. pombe support the latter possibility, although, of course, they do not demonstrate the generality of the phenomenon.
Nevertheless, the observation of buoyant density constancy during the growth of such very different kinds of cells as bacteria, fission yeast, and mammalian cells makes the phenomenon worthy of further study.
